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Abstract
A concept is being explored that an optical analog of the electrical Johnson noise may be used to
measure temperature independently of emissivity. The concept is that a laser beam may be
modulated on reflection from a hot surface by interaction of the laser photons with the thermally
agitated conduction electrons or the lattice phonons, thereby adding noise to the reflected laser
beam. If the "reflectance noise" can be detected and quantified in a background of other noise in
the optical and signal processing systems, the reflectance noise may provide a noncontact
measurement of the absolute surface temperature and may be independent of the surface's
emissivity.
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Uncertainties in the emissivity of metal specimens cause uncertainties in the measurement of
their temperature using conventional radiometric techniques. These uncertainties may be
minimized by using multiple wavelength radiometry or by ancillary measurements of surface
reflectivity which is related to surface emissivity. A method for absolute radiometric
measurement of surface temperature that is independent of emissivity or material properties
has not been developed heretofore. Such a method may result from studies of an optical analog of
the electrical Johnson noise thermometer.
Conventional radiation thermometry -- and indeed, most instruments -- use intensities or dc
levels for measuring the temperature of materials, and are necessarily dependent on knowledge
of some physical property of the material: resistivity, emissivity, Seebeck coefficient, acoustic
modulus, etc. Superimposed on these dc levels is noise that limits the precision with which the
temperature can be determined. Good thermometric practice would reduce the noise to a
minimum. This noise, however, contains some information that can be used to indicate some
conditions of the specimen, the measuring system, or the specimen's environment.
Johnson and Nyquist (1) in 1928 attempted to eliminate noise from radio receivers and found
that an irreducible minimum noise was produced by passive components in electrical circuits
with no current flow. The magnitude of this noise depends on the absolute temperature of the
component, but not on its material composition. The relationship between measured noise, the
absolute temperature (T), and the ohmic resistance (R) of the component is given (for
hf/kT<< 1) by:
Vn2 = 4 k T R Af
m
In2 =4 kT/R Af
T = qPn 2/4 k Af Rn = Vn2/In 2
where, Vn2 is the open-circuit noise voltage spectral density, In2 is the short-circuit noise
current spectral density, measured over a frequency band Af, h is Planck's constant, k is the
Boltzmann constant, and -qPn2 is the noise power, defined as the product of the open-circuit
voltage and short-circuit current. These relations (2) hold at frequencies up to about 100 GHz.
For a 100-_ resistor at a temperature of 300 K and noise measured over a 60-kHz bandwidth,
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thenoisevoltageisabout0.32#V rms,thenoisecurrentis about3.2nArms,andthenoise
powerisabout10-15W.
Johnsonnoiseis producedbythethermalagitationofthefreeelectronsina solidor liquidasa
resultof electron-phononi teractionswiththelatticeatoms.Thenoisepoweris independentof
theresistormaterialanddependsonlyon theabsolutetemperature.Therelationshipbetween
noisepowerandtemperatureis linear.
ElectricalJohnsonnoisethermometryhasusedvariousmeasurementschemes(3),including;
(a) theratioof noisevoltagesproducedbytworesistors,oneat aknowntemperature,where
bothresistancescanbemeasured,(b)separatemeasurementof noisevoltageandnoisecurrent
ona singleresistor,fromwhichnoisepowercanbecalculated,and(c)severaltunedRLC
circuitsfromwhichtemperaturecanbeobtainedfroma noisevoltageandacapacitance
measurement.Signalcorrelationcircuitshavebeenemployedto greatlyreducethenoise
contributionof themeasuringsystem.Lackinga directelectricalmeasurementof noisepower,
twomeasurementsmustbemadeineachcaseto obtaintemperatureindependentof sensor
resistance.A "noiseresistance"canalsobeobtainedfromtheratioof thenoisevoltageandnoise
current,whichis roughlyequaltoa measureddcresistance.
ElectricalJohnsonnoisethermometryhasbeenused(a)to measuretemperaturesinhigh
nuclearradiationenvironment(4),(b)to establishanabsolutethermodynamictemperature
scale, (c)to performinsitucalibrationof platinumresistancethermometersinstalledin
nuclearplants(5),andcouldbeused(d) inhigh-pressureorhigh-magneticfield environ-
merits(6). It is presentlybeingengineeredforlong-term,high-radiation,high-temperature
measurementsinspacenuclearreactors.
Adaptation of Johnson Noise to Noncontact Thermometry
For Johnson noise techniques to be applied to noncontact thermometry, some method of
quantifying the noise power of the electrons in a specimen without making any physical contact
must be devised. An approach, now being considered, is the detection of the modulation of a laser
beam incident on a hot surface by the interaction of the laser photons with the surface's
conduction electrons. It is proposed that an increase in the noise content of the reflected laser
beam should be proportional to the noise of the electrons, depend on the surface temperature,
and be independent of the surface composition and its emissivity.
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Twoformsofopticalnoisemodulationmayoccur.Thefirstisanamplitudemodulationdueto
scatteringof the incidentlaserbeam.Thesecondis a laserline-widthbroadeningdueto energy
transferbetweentheincidentphotonandthesurfaceelectron.Thesemechanismsareshown
diagrammaticallyin Figure1.
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Figure 1. Simplified Mechanisms for Photon-Electron Interaction in Reflectance Noise
Thermometry
If the reflectance noise modulation is directly related to the noise power spectral density of the
conduction electrons, then only one type of noise measurement would be required to obtain
temperature. The electrical Johnson noise measurements require two independent
determinations of noise voltage and noise current (or their equivalent) to obtain noise power.
The reflectance noise power could be independent of surface emissivity. If not, a second
independent optical measurement such as line-broadening may be required to provide two
independent measurements of surface temperature that could be combined to give a temperature
independent of emissivity.
Implementation of ODtiCal Noise Sianal Processina
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Various continuous (CW) lasers are available in the laboratory for evaluating these phenomena
and several relevant characteristics are shown in the table.
Table 1. Lasers Evaluated for Reflectance Noise Thermometry
_ Laser Wavelength
He-Cd 8 mW 325 nm 5%
He-Ne 3 mW 632.8 nm 0.09%
Ar Ion MultiLine 300 mW 457-514 nm 0.5%
100 mW @ 488 nm
Important considerations in selecting the laser are (1) a short wavelength and large power are
desirable to minimize the relative contribution of the Planck radiation at the laser's wavelength,
(2) low inherent laser noise is desirable, and (3) possible variations in the thermal noise
modulation level as a function of the laser wavelength.
The illumination of the photodetectors by a hot surface and a laser beam reflected from the hot
surface contains both dc (intensity) and ac (noise) components. These components and an
estimate of their magnitudes are shown in Figure 2 for the He-Ne laser.
(__= 3 mwNt. = 2.7 i_w
He-Ne LASER" _33 nm I,,, =l.7mW _
I,, ['_.
Nr=O.8_w _ 0.56 NL Q
L _.
' o
_0 cm
_ Ip ,_X =0.5 p.W &>,
TUNGSTEN
STRIP LAMP
T = 2500K
¢= 0.44
P-I-N PHOTODETECTOR
Figure 2. Laser Illumination of a Hot Surface
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Thedccomponentsof thephotodetectorsignalcanbeelectricallyseparatedfromtheac
componentsbyfilteringandsignalsubtraction.Thedcilluminationincludesthereflectedlaser
beamintensityandthe Planckradiationfromthehotsurface.Signalchannelacgainsmaybe
balancedusinghigh-level,low-frequencymodulationof theincidentlaserbeam. Thedclevels
arenotusedto provideinformationaboutthesurfacetemperature.A systemforsignal
correlationisshowninFigure3.
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Figure 3. Signal Correlation System for Reflectance Noise Measurement
The ac components of the photodetector signal must be separated to select only the noise
contributed by surface reflection of the laser beam (and possibly, the noise in the Planck
radiation from the surface). Other sources of noise in the reflected beam include optical noise
generated in the laser and microphonics in the optical system. Additional noise will be added in
the measurement channels by shot noise generated in the photodetector and rf noise pickup.
Some of the low-frequency noise components can be eliminated by high-pass filtering. The
remaining wide-band noise components must be separated by signal processing and correlation,
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using multichannel optical paths. The largest correlated noise signal component is the laser
noise. This noise which is common to all four optical channels, can be reduced by subtraction
with analog differential amplifiers. The largest source of uncorrelated noise is the shot noise of
the photodetectors. The effect of these uncorrelated noise signals is reduced by the
multiplier-integrator stage of the signal processor. If the differential amplifiers and the
correlator completely eliminate the laser noise and the uncorrelated nonthermal noise sources,
the output of the multiplier-integrator should be proportional to the remaining noise from the
reflectance modulation of the laser beam by the hot surface.
Correlation System Performance and Requirements
A preliminary estimate was made of the sensitivity of our present signal processing system to
detect thermal noise modulation of the laser beam. This estimate shows a minimum detectable
signal of 3 nW of noise power can be detected with an uncertainty of 1%, or 1:103 of the laser
noise, using the helium-neon laser. The estimate assumes (a) total elimination of the
uncorrelated system noise, (b) a common mode rejection ratio (CMRR) of 100 dB in the
differential amplifiers, and (c) a laser noise power of 0.1%. To detect a thermal noise power of
10-14 W, calculated for T=2500 K and Af = 60 kHz, with 1% uncertainty requires five orders
of magnitude improvement in the signal processor sensitivity. This improvement may be
accomplished by decreasing the laser noise contribution, increasing the CMRR of the differential
amplifiers, and modifying the bandwidth of the signal processor. Adequate rejection of the shot
noise in the detectors, which is the major noise contribution of the measuring system, may
require unreasonably long integration times for the correlation process to reduce this noise to a
level below that of the reflectance noise.
The above analysis assumes that a laser beam can be modulated by another noise source, such as
the proposed hot-surface reflectance, over any bandwidth of interest. The unexplored question is
whether the electron-photon power transfer process in surface-reflectance signal modulation is
efficient at frequencies below 1 MHz.
No estimates have yet been made for possible noise associated with the Planck radiation from the
hot surface, nor have we assessed the possibility of measuring the line broadening (see Figure
1) to determine temperature.
Further work on this program will (a) continue the development of a signal processor with
improvedcommonmoderejectionandlargerbandwidth,(b) theoreticalinvestigationof the
electron-photonmodulationprocessata hotsurface,(c)reductionofthe lasernoiseand
extraneousnoisesourcesinthesystem,and(d) investigationof linebroadeninginhot-surface
reflection.
A postulatedphenomenonoftemperature-dependentreflectancemodulationof a laserbeamis
beinginvestigatedtodeterminewhetherit mightprovidea meansof noncontactsurface
temperaturemeasurementthatis independentof theemissivityof thesurface.Methodsof
signalprocessingarebeingdevelopedforeliminatingthenonthermalnoisesourcesfromthe
desiredthermalreflectancenoise.A preliminaryestimateindicatesthatthesignalcorrelation
systemmayneedtoextractonepartofdesirednoisefromabackgroundat leasteightordersof
magnitudelarger.
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